Abstract: Y 2 O 3 :Eu 3+ nanomaterials were obtained using a low-cost, large-scale, solutionbased hydrothermal method followed by a thermal annealing process. The morphology of the Y 2 O 3 :Eu 3+ nanomaterials can be controlled by tuning the aging time, aging temperature, and the pH values of the suspension. The optical properties of Y 2 O 3 :Eu 3+ nanosheets and nanotubes were investigated with the goal of improving the material's functionalities. Synchrotron X-ray diffraction patterns, field emission scanning electron microscopy images, high-resolution transmission electron microscopy images, emission spectra, excitation spectra, and fluorescence decay curves were measured and compared. The results showed that a novel Eu 3+ environment exists in Y 2 O 3 :Eu 3+ nanosheets, which led to rapid decay of emission at 611 nm. The unique properties of Y 2 O 3 :Eu 3+ nanosheets could lead to potential applications in white light-emitting diodes (LEDs) based on GaAlN deep UV LEDs.
Introduction
Light emitting materials have been attracting tremendous attention for several decades owing to their numerous applications in flat panel displays, general illumination, optoelectronic devices, biomedical analysis, and imaging [1] - [4] . Among all types of light emitting materials, rare earth (RE)-doped materials are of unique importance because of their abundant f-orbital configurations and rich energy levels [3] , [5] - [9] . Y 2 O 3 :Eu 3+ has traditionally been used as a red light emitting material in fluorescent lamps, projection televisions, and field emission displays due to its high light-emission efficiency, superior color quality, and its excellent thermal and chemical stability [10] - [13] . High-efficiency InGaAlN UV, near UV, and blue LEDs have been realized in recent decades [14] , [15] . The development of high efficiency LEDs, coupled with advances in phosphor materials, has directly resulted in the revolution of white light technology [4] , [16] - [21] . Recently, Y 2 O 3 :Eu 3+ has also been suggested as a photon down-converter for near UV-LEDs due to its strong light absorption in the UV region [22] . Also, developing photon down-conversion materials, which will combine with blue/UV LEDs to generate high quality white light, was listed as one of the most recent research and development plans for LED based solid-state lighting technology by the US Department of Energy (DOE) [23] . More recently, Li et al. reported strong UV emission from GaAlN materials [24] and Ooi et al. reported 230-nm GaAlN nanowire light-emitting diodes [25] . Both studies show that it is possible for Y 2 O 3 :Eu 3+ to serve as a red-emitting photon down converter to generate white light emission from GaAlN-based LEDs. The photon down-converters in white LED applications need to show rapid emission decay as well as high conversion efficiency and resistance to thermal degradation [26] . However, the conventional RE-doped photon down-converters have a longer emission decay time than that of the UV emission from GaAlN UV LEDs, making them unsuitable for white LEDs.
In 
Experimental Details
The Y 2 O 3 :Eu 3+ bulk materials were purchased from the Phosphor Technology Ltd [30] . The Y 2 O 3 :Eu 3+ nanostructures were synthesized with a hydrothermal method followed by a thermal annealing process. Hydrothermal synthesis is a method of crystal synthesis or crystal growth which places the substances under the condition of high temperature and high pressure [32] . ) and hydroxyl (OH − ) ions. The reaction rate depends on the dielectric constant of the water, which changes with temperature and pressure [32] - [37] . The dielectric constant decreases with increasing temperature, meaning that the reaction rate under high pressure and temperature is significantly greater than that under conventional conditions. The particle size depends on the hydrolysis rate and solubility of Y(OH) 3 and Eu(OH) 3 in solution, which in turn depend on the pH value of the solution. The nucleation and crystallization of the nanostructures can be controlled by tuning the temperature and pressure during the hydrothermal reaction processes.
The solubility of the materials varies with the existing cation and anion along with the pH of the solution. With increasing pH at a constant temperature, the solubility decreases, reaching the minimum, and then increases [36] . At a high pH, the solubility increases with temperature. The reaction begins to take place in the heating phase, producing monomers followed by nucleation and crystal growth. The particles formed at lower temperatures dissolve again to re-crystallize at higher temperatures during the heating or aging periods at a constant temperature because the equilibrium varies with temperature [35] . Thus, the dimension and morphology can be controlled by the reaction rate during the nucleation and crystalline growth. The solubility changes with the pH value, which affects the reaction rate; therefore, in the first-set of experiments, we adjusted the pH value of the obtained suspension by varying the amount of 0.2-mole/L NaOH solution added to the suspension. Colloidal suspensions were obtained with pH values of 7, 12.2, 12.7, 12.8, 13.1, 13.5, and 13.7. After the solution was stirred for one hour, a milky colloidal suspension was obtained. The suspension was then transferred into closed Teflon-lined autoclaves and subsequently heated at 110°C in an oven and kept at that temperature for 72 hours. After the hydrothermal reaction process, the obtained suspensions were cooled to room temperature and the precipitate was separated from the solution by a centrifugation. The colorless supernatant, including the byproducts, was discarded. The obtained solid product was washed four times with deionized water, and then dried at 70°C in a vacuum oven. Finally, the obtained powders were annealed at 500°C for 2 hours.
To investigate the effect of aging time on the morphology of Y 2 O 3 :Eu 3+ , another set of experiments was carried out. The pH value of the suspension was kept at 13.5 and the temperature was kept at 110°C, but the aging time was reduced from 72 h to 35 h and 15 h, respectively. The rest of the process is the same as the one in the first set of experiments.
Overall, this creation process is both simple and cost effective, as all steps can be easily repeated in a factory setting and requires only relatively inexpensive equipment such as the centrifuging apparatus and the thermal annealing furnace.
Field emission scanning electron microscopy (FE-SEM) images were taken on S-4800 (Hitachi Company) electron microscopes. For the high-resolution transmission electron microscopy (HRTEM) measurements, the nanotubes and nanosheets were dispersed by diluting them in methyl alcohol and dropped onto Holey carbon film supported on 200-mesh Cu grids. The crystalline structures were characterized by Synchrotron X-ray diffraction (SXRD) experiments. The emission spectra were then measured using a 532-nm wavelength solid-state, diode-pumped Nd: Vanadate laser (Neodymium-doped yttrium orthovanadate laser) as the excitation source. The excitation spectra were measured utilizing a Hitachi F-4500 fluorescence spectrometer. In the lifetime measurements, the fourth (266 nm) harmonic generator pumped by a pulsed Nd:YAG laser (Neodymium doped Yttrium aluminium garnet laser) was used as the excitation source and the signals were detected with a Tektronix digital oscilloscope.
Results
The SEM images were taken for all seven samples obtained in the first set of experiments to investigate the effect of the pH value on the morphology. The morphology of Y 2 O 3 :Eu 3+ depends strongly on the pH value of the suspension, as shown in Fig. 1 . For the sample that was grown in a pH environment of 7, the resulting particles were highly irregular in shape, yet all maintained a size of approximately 200 nm [ Fig. 1(a) ]. The tube-like nanostructures started to appear when the pH value was increased to 12.2 [ Fig. 1(b) ], and more tube-like nanostructures were formed when the pH value was further increased to 12.7 [ Fig. 1(c) ]. The pure nanotubes were obtained when the pH value of the suspension was as high as 12.8 [ Fig. 1(d) ]. The nanostructures continued to form as nanotubes even when the pH value was further increased to 13.1 [ Fig. 1 (e) and (h)], 13.5 [ Fig. 1(f) and (i)], and 13.7 [ Fig. 1(g) ]. Since the solubility of solid (Y, Eu)(OH) 3 in solution increases with the pH value of the solution, and nanotube growth increases significantly at higher pH values [36] , the pH value of the solution has a significant effect on the morphology of the nanostructures during the hydrothermal process.
When the aging time was decreased from 72 h to 35 h and 15 h, nanosheet structures were obtained instead of nanotubes, as shown in the FE-SEM images [ Fig. 2(a) and (b) ]. In another experiment, the pH was kept at 13.5 and the reaction time was kept at 15 h, but the temperature was increased to 180°C. The nanosheets were still observed, but sporadic nanotubes were also seen, which was no doubt little more than a nanosheet that had rolled up at some point during the process [ Fig. 2(c) ].
The high temperature and high pressure field produced during this hydrothermal method provides a favourable environment for the anisotropic growth of nanocrystals. We found that the reaction time, reaction temperature, and the pH value of the starting reaction system play a crucial role in the formation of Y 2 O 3 nanotubes, nanosheets, and other related nanostructures under solvothermal conditions. The uniform Y 2 O 3 nanosheets and nanotubes can only be obtained when the reaction systems are adjusted such that the pH lies in the range of 12-14. With decreasing pH value, the tendency to grow along a certain direction is weakened to some extent, and the product obtained exhibits a lower aspect ratio and less uniform morphology. In a high pH solution, material growth direction is two-dimensional. As the growth time was increased, the nanosheets would begin to roll up on themselves and produce discrete nanotubes. The TEM images of the nanotubes and nanosheets are shown in Fig. 3(a) and (b) . Fig. 3(c) and (d) are the corresponding selected area diffraction patterns (SADPs). The nanotubes are typically 1.5-3 µm in length and 50-200 nm in diameter while the typical width and length of nanosheets are 600-800 nm. The TEM SADPs confirmed that the crystal structure of nanotubes and nanosheets are a body-centered cubic structure. Fig. 4 shows typical XRD patterns of the Y 2 O 3 :Eu 3+ bulk materials, nanotubes, and nanosheets. The sesquioxide Y 2 O 3 crystallizes in a cubic structure with space group Ia3 and cell parameter of a = 10.60Å [38] . Per X-ray diffraction data, there are no significant differences in the peak positions between these samples. The XRD peaks of Y 2 O 3 :Eu 3+ nanotubes become broader compared to that of bulk materials and even broader peaks are found for Y 2 O 3 :Eu 3+ nanosheets. This clearly reflects the descending size of samples from the bulk materials to the nanotubes to the nanosheets, consistent with the results of the FE-SEM and TEM images shown in Figs. 1-3 .
The photoluminescence spectra of bulk materials, nanotubes, and nanosheets under the excitation of 532-nm light were measured and compared, and the results are shown in Fig. 5 . All the peaks in Fig. 5 [39] . The distance between a J and J + 1 line increases with increasing J, consistent with the Lande internal rule [40] . The 5 D 0 → 7 F 0 transition is forbidden according to the standard Judd-Ofelt theory [41] , [42] , but it appears in Fig. 5 . The occurrence of this transition is due to the breakdown of the selection rules of the Judd-Ofelt theory. Owing to the non-degeneracy of 7 F 0 and 5 D 0 levels, this transition is employed to determine the number of sites existing in host materials because a maximum of one peak is expected for a single site. The observation of more than one peak in the spectroscopic region where the 5 D 0 → 7 F 0 transition is expected implies that more than one site is present. However, it does not allow for the determination of the exact number of sites transition with the exception of its transition intensity, which is weaker compared to the latter. The strong emission at 611 nm, which belongs to the 5 D 0 → 7 F 2 transition of Eu 3+ ions, is observed in bulk materials, nanotubes, and nanosheets, making it the optimal wavelength to monitor the emission of all the nanostructures under excitation. An additional peak at 624 nm only exists in the nanosheets. This peak also originates from the 5 D 0 → 7 F 2 transition of Eu 3+ ions. The hypersensitive nature of this transition is influenced directly by the local symmetry of Eu 3+ ions. Thus, the intensity of 5 D 0 → 7 F 2 is often used as a measure for the asymmetry of the Eu 3+ site. Therefore, the spectra variation in the Y 2 O 3 :Eu 3+ nanostructures indicates the generation of a novel environment for light emission in the nanosheets. The emission spectrum of the Y 2 O 3 :Eu 3+ nanosheets is very similar to that of the monoclinic Eu 2 O 3 polycrystalline powders, in which the Eu 3+ occupies a site of lower symmetry [43] . Surface atoms, which have a lower coordination number, usually have lower symmetry than bulk ones and result in surface atoms not being symmetrical with respect to their interior counterparts. In the present Y 2 O 3 :Eu 3+ nanosheets, two out of six (222) planes are surface planes and the surface fraction of Eu 3+ is very high. Therefore, this unusual spectrum is considered to result from the higher fraction of surface Eu 3+ ions, which occupy different symmetric sites due to a lower coordination number than that of the bulk atoms in the Y 2 O 3 :Eu 3+ nanosheets. The excitation spectra of Y 2 O 3 :Eu 3+ nanotubes and nanosheets were also measured by monitoring 611-nm emission to understand the ideal environment in nanosheets. As shown in Fig. 6 , the excitation spectra have two broad bands and several sharp peaks. The band centered at 211 nm is the excitonic absorption due to the O 2− → Y 3+ electron transfer transition. bond lengths of both Y-O and Eu-O increase and the local disorder becomes more obvious [43] . Therefore, there is a 7-nm difference between the peak positions in Y 2 O 3 :Eu 3+ nanosheets and nanotubes.
The weaker absorption peaks between 350 nm and 480 nm belong to the f → f transition of Eu 3+ : Fig. 6 , the intensities of these transitions for the nanotubes are very different from those of the nanosheets. Much higher intensities are observed for the transitions in the nanosheets. The increase in intensity is incident to a higher number of surface atoms in the nanosheets than in the nanotubes.
The photoluminescence excitation spectrum of the nanosheets from monitoring 624-nm emission was also measured and compared with that of monitoring 611-nm emission, as shown in Fig. 7 . The charge transfer band is broader for 624-nm emission. This is because the local structure was different for the surface atoms in Y 2 O 3 :Eu 3+ nanosheets and there are more variations in local structure. The intensity of 7 
is much higher than that of monitoring 611-nm emission due to the low symmetry of surface atoms. in nanosheets for 611-nm and 624-nm emission under 266-nm excitation were also measured and compared [ Fig. 8(b) ]. The lifetime of 624 nm is 0.88 ms, slightly shorter than that of the 611 nm emission due to the lower symmetry of Eu 3+ ions at the surface of nanosheets. The shorter lifetimes for nanosheets indicates that the surface atoms are absorbing and reemitting light at a significantly higher rate than nanotubes. One of the most important criteria for the selection of photon down conversion for white LEDs is rapid decay of the emission process [26] . Thus Y 2 O 3 :Eu 3+ nanosheets are a very promising red phosphor for UV-based white LEDs.
Conclusion
The Eu 3+ -doped Y 2 O 3 nanosheets and nanotubes were synthesized by a solution-based hydrothermal method, which makes the manufacturing process simple and inexpensive because only standard equipment is necessary and a low number of production steps are involved. The high temperature, high pressure, and high pH environment are favourable for the Y 2 O 3 :Eu 3+ to grow in two dimensional directions, which resulted in nanosheets. As the growth time was increased, the nanosheets began to roll up on themselves to produce discrete nanotubes. Furthermore, the onedimensional nanotubes and two-dimensional nanosheets were obtained by tuning the pH value of suspension, the aging temperature, and the aging time. The additional peaks of the emission spectrum observed the nanosheets are due to the lower symmetry of atoms on the surface of the nanosheets, which in turn resulted in a shorter lifetime of the 5 D 0 level of Eu 3+ in the nanosheets. Furthermore, investigations of the optical properties lead to the observation of markedly lower fluorescence decay lifetimes of nanosheets versus those of nanotubes. The unique properties observed in Y 2 O 3 :Eu 3+ nanosheets could lead to potential applications in GaAlN-based white LEDs.
